We investigated the effects of continuous irradiation either with white light or far-red light on elongation of roots of Arabidopsis thaliana. The white light used lacked most spectral components in the far-red region. The white-light irradiation of a whole seedling stimulated root growth; DCMU, an inhibitor of photosynthesis, completely inhibited this stimulation.
Introduction
Plant development is regulated by various environmental factors. Light is one of the most important factors, and the effect is most obvious at the seedling stage. In dicotyledonous seedlings, light stimulates hook opening and cotyledon expansion and inhibits hypocotyl growth (Kendrick and Kronenberg, 1994) . The inhibition of hypocotyl growth has been studied intensively and used for the isolation of photomorphogenic mutants (Koornneef et al., 1980) . The root is responsible for water and nutrient uptake from the soil and also responds to various stimuli, allowing plants to respond in the proper manner (Russell, 1977) . Although responses of roots to light have been less well characterized than those of aerial organs, they have been investigated with respect to several physiological phenomena. Light sometimes promotes a positive gravitropic response in root (Lake and Slack, 1961) and, in the case of Arabidopsis, induces negative phototropism (Okada and Shimura, 1992; Liscum and Briggs, 1996) ; formation of lateral roots in pea is inhibited by continuous or daily-pulsed light (Torrey, 1952) ; light also decreases the effectiveness of IAA on the initiation of adventitious roots (Went and Thimam,1937) ; and elongation of root hairs in Arabidopsis is inhibited by light perceived by phytochrome B (Reed et al., 1993) .
Effects of light on the elongation of roots have also been studied in both monocotyledonous and dicotyledonous plants (Mohr, 1961; Feldman, 1984) . In all of the studies except one (Shen-Miller, 1974) light inhibited 3 root elongation, irrespective of whether roots were intact or excised (Torrey, 1952; Björn et al, 1963) . Irradiation with pulsed light was as inhibitory as with continuous light (Torrey, 1952) ; Schwarz and Schneider, 1985) . Red light was most effective with maize roots (Schwarz and Schneider, 1985) , while blue light was more effective with excised wheat roots (Björn et al., 1963) . With rice seedlings, blue light inhibited root growth through suppression of both cell elongation and division, but red or far-red light inhibited only cell elongation (Ohno and Fujiwara, 1967) . The use of the photosynthetic inhibitor, DCMU, showed that photosynthetic activity was not required for the photoinhibition (Ohno and Fujiwara, 1967) .
Arabidopsis provides a very powerful experimental system for the identification of photoreceptors of photomorphogenic responses, since an array of photoreceptor mutants has been established in the last 15 years (Koornneef et a1., 1980; Kendrick and Kronenberg, 1994; Quail et al., 1994) .
While raising Arabidopsis seedlings vertically on solidified medium in light and dark conditions, we have noticed that the root is much longer in the light than in the dark, which contradicts most of the reports described in the literature. Thus, we started to characterize the light-stimulated elongation of Arabidopsis roots. In the present study, taking advantage of an inhibitor of photosynthesis and a number of photoreceptor mutants, we found that the photostimulation of root growth was primarily a consequence of independent effects of photosynthesis and phytochrome A. Phytochrome B was also a prerequisite for the root to respond to light.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana (L.) Heynh. Columbia-0 ecotype was used in this study.
Landsberg erecta ecotype was also used for experiments using the phyB-1 (Quail et al., 1994) and the phyA-302 mutants which are in a Landsberg erecta background. The phyA-302 mutant was isolated in our laboratory as a long hypocotyl mutant under continuous far-red light from seeds mutagenized by fast neutrons (Lehle Seeds, Round Rock, TX, USA); it was allelic to the phyA-102 mutant (Parks and Quail, 1993; Dehesh et al. 1993; Quail et al., 1994) .
Arabidopsis seeds were surface sterilized with 70% ethanol for 5 min, and next with 1.5% sodium hypochlorite and 0.02% Triton X-100 for 15 min. 
Measurement of length
Root and hypocotyl lengths were measured from images of a seedling taken by a CCD camera (XC77, SONY, Tokyo, Japan) with a TV zoom lens (J6 x 11-II, Canon, Tokyo, Japan), and captured to a desktop computer (PC9801 BA2, NEC, Tokyo, Japan). The image was measured using image analyzing software (RIPP-2 ver.1.05, Rise, Sendai, Japan).
Measurement of oxygen evolution
The concentration of dissolved oxygen was measured at room temperature with an oxygen analyzer (Model 778, Beckman, Fullerton, CA, USA) connected to an analogue recorder (QPD54, Hitachi, Tokyo, Japan). and the amount of total chlorophyll was estimated according to Moran (1982) .
Results
Effects of continuous light on root elongation
After synchronous germination, induced by chilling and red-light irradiation, seedlings of Arabidopsis Columbia-0 ecotype were incubated under continuous white light or in the dark. Since seedlings were grown along the surface of vertically-oriented, solidified Gellan-Gum plate, whole seedlings including root were exposed to the light (Fig.1) . The rate of root elongation was similar in both conditions until the third day; in the light it then increased significantly, while in the dark it decreased slightly.
We then tested the fluence rate response for the light-induced stimulation of root growth (Fig.2 ). Significant stimulation of root elongation occurred at a fluence rate of 1.1 W m -2 and even greater stimulation was observed at 14 W m -2 . The dose-response curve for the inhibition of hypocotyl growth was very similar.
Effects of continuous light on elongation of isolated roots
We next investigated the effects of light on the growth of roots that had been separated from the hypocotyl and the cotyledon by excision. In the dark, isolated roots grew as well as intact roots, but elongation of excised roots was not stimulated by continuous white light (Fig. 3) , suggesting that substances transported from aerial parts of the seedling are essential for the light-stimulated elongation of roots.
Effects of DCMU on light-stimulated elongation of roots
The involvement of photosynthesis in the light-stimulated growth of roots was investigated using DCMU, an effective inhibitor of electron transport from photosystem II to I (Fig. 4) . Arabidopsis seedlings were grown on DCMU-supplemented medium for 6 d in continuous white light or in darkness. On media without DCMU, roots were 2 -3 times longer in the light than in darkness. In the dark, root length was unaffected by DCMU, 8 while in the light, root length was decreased by DCMU in a dose-dependent manner. At 0.4 μmol L -1 DCMU and higher, there was no significant increase in root length. To confirm the inhibitory effect of DCMU on photosynthesis in the light, oxygen evolution of the light-grown seedlings was determined. DCMU inhibited oxygen evolution in a dose-dependent manner and was completely inhibitory at 1 μmol L -1 (Fig.4) . Even in the absence of DCMU, oxygen evolution was decreased by 9%, probably because of the presence of ethanol, used as a solvent for DCMU. The light-stimulated elongation of the roots was inhibited in a parallel manner to the decrease in oxygen evolution.
Effects of sugar species on root elongation in the dark
Since sugars are major products of photosynthesis, the effect of supplementing the basal medium with various sugars on the growth of roots after 6 d was determined (Fig. 5) . In all of the experiments shown above, the culture medium contained 1% sucrose (0.027 mol L -1 ). The addition of sucrose stimulated root growth in the dark, though it was not as effective as the light treatment, and adding sucrose did not affect root growth in the light. Fructose and glucose also stimulated root growth in the dark.
Sorbitol and mannose were both ineffective. These results indicate that sugar species that are effectively produced during photosynthesis stimulate root elongation in the dark.
Effects of light on root elongation of phyA and phyB mutants Since the white light used in the present study was obtained from normal fluorescent tubes (day-light type), it contained only a small amount of far-red light (2.4% on an energy base). When the effect of far-red light on root growth was determined (Table l) , it was found that continuous irradiation with far-red light induced root growth. The effect was not inhibited by 1 μmol L -1 DCMU, and excised roots did not respond to far-red light (data not shown).
The above results suggested that phytochrome was involved in the response. Therefore we investigated root growth of the phytochrome-deficient mutants, phyA-302 and phyB-1, under continuous red, far-red and white lights. The chlorophyll content of the seedlings was also determined, as a measure of their capacity for photosynthesis (Fig. 6 ).
The Landsberg erecta ecotype was used as wild type in this experiment, since the mutants were isolated in this background. Although root growth in this ecotype was less responsive to white light than in the Columbia-0 ecotype (Fig. 6 vs. 2), irradiations with either red or white light induced both promotion of root growth and accumulation of chlorophyll. Far-red light irradiation, in contrast, stimulated root growth, but did not result in chlorophyll accumulation. Roots of the two mutants displayed different growth responses to light. Irradiation with far-red light failed to stimulate root growth in the phyA mutant, while red and white light increased root growth and chlorophyll content to an extent similar to that in the wild type.
In the case of the phyB mutant, none of the light treatments stimulated root growth (statistically tested by t-test with P < 0.05) although white light induced a considerable accumulation of chlorophyll. These results indicate that both phytochrome A and B can influence root growth, although their modes of action seem different.
Discussion
We have observed that continuous irradiation of a whole seedling with white light stimulates root elongation in Arabidopsis. This response occurred at fluence rates that inhibited hypocotyl growth (Fig. 2) . Root elongation was effectively inhibited by DCMU, an inhibitor of photosynthesis, indicating that photosynthesis was involved in the stimulation. The addition of sugars to the medium promoted root growth in the dark, but only sugars produced during photosynthesis (sucrose, glucose, and fructose) were effective (Fig. 5) . Roots lost their responsiveness to light when excised from the cotyledon and hypocotyl (Fig.   3 ). These results are also consistent with the conclusion that photosynthesis is the primary driving force for the light-induced root growth. A recent study reveals that sugars often affect physiological processes as a signal molecule (Cheng et al., 1992; Jang and Sheen, 1994) .
However, it is currently not known whether photosynthesis stimulates root growth through an increased energy supply or whether some product is acting as a signal.
It was also found that continuous irradiation with far-red light promoted root growth (Table 1 and Fig. 6 ). Seedlings grown under far-red light contained only l/100 as much chlorophyll as those grown under continuous white light, indicating that development of the photosynthetic machinery was considerably suppressed under far-red light. These results indicate that a photoreceptor(s) other than photosynthetic pigments are involved in the far-red promotion of root growth. The phyA mutant used specifically lacked a response to far-red light (Fig. 6) , which, together with the effects of far-red light observed in the wild type, clearly indicates that phytochrome A is responsible for the far-red-light induced promotion of root growth. In contrast to the phyA mutant, the phyB mutant did not show any response to red, far-red or white light.
Growth of the cotyledon and hypocotyl is regulated by the light environment. It is well known that the inhibition of hypocotyl growth by blue, red and far-red light is mediated by a blue-light photoreceptor (HY4 or CRY1), phytochrome B and phytochrome A, respectively (Kendrick and Kronenberg, 1994; McNellis and Deng, 1995) . For stimulation of cotyledon expansion by red light, both phytochrome A and B are required while, under far-red light, only phytochrome A is responsible (Reed et al., 1994) . The cotyledon expansion elicited by phytochrome B is cell autonomous , while that induced by blue light is only observed in intact plants (Blum et al., 1994) . We observed that cotyledon expansion induced by continuous white light was not blocked by DCMU (data not shown). These results suggest that photocontrol of growth is different in the roots and in the aerial parts of a seedling.
Roots develop post-embryonically from the meristematic region through cell division and expansion (Dolan et al., 1993) . In contrast, cotyledon and hypocotyl develop through embryogenesis and expand without cell division as post-embryonic development in Arabidopsis (Tsukaya et al., 1994; Desnos et al., 1996) . Light-stimulated root elongation may be dependent on an increase in cell division activity, which may require more photosynthetic products.
Neither red, nor far-red, nor white light promoted root growth in the phyB mutant, despite a considerable accumulation of chlorophyll under white light. These results suggest that the source-sink relationship between cotyledons and roots may be disrupted in the phyB mutant in an unknown manner. The phyB-l mutant has a nonsense mutation that blocks synthesis of the phytochrome B apoprotein (Reed et al., 1993) . Thus, the results also suggest that the Pr form of phytochrome B as well as the Pfr form is physiologically active in this response, which has been proposed recently (Smith, 1995) . Robson and Smith (1996) recently investigated negative gravitropism of hypocotyl of a few alleles of the phyB mutant in the dark and suggested that the phyB-1 mutant, which was used in this study, contains a second mutation besides a mutation in PHYB. If this is the case, the unresponsiveness of root elongation to light observed in the phyB-1 mutant may be ascribed to the second mutation.
In contrast to our observations, Reed et al. (1993) reported no differences in root length of Arabidopsis ecotype Landsberg erecta grown in the light or in the dark. This inconsistency may be due to differences in the growth conditions. We always cultured the seedlings in a medium containing l% sucrose, but Reed et al. (1993) used a medium containing 2% sucrose. Since sucrose stimulates root growth in the dark (Fig. 5) , the presence of a higher concentration of sucrose might make the photostimulation of root growth less apparent. In our study, light was supplied continuously; Reed et al. (1993) Although we demonstrated that root growth of Arabidopsis is promoted by light, most published results reported the opposite. We therefore checked root growth of several plant species. Growth of roots was inhibited by continuous white light in seedlings of mung bean, maize, and radish; no significant effects were observed in cabbage, lettuce, and tobacco (data not shown). It is concluded that light-induced promotion of root growth is not a universal photomorphogenic response.
In conclusion, the present study shows that root growth is stimulated by continuous light in Arabidopsis. The effect is due to photosynthetic activity and to the action of phytochrome A. Phytochrome B also has a significant role in this phenomenon through an unknown action. Relative oxygen evolution was calculated as a ratio of the rate of oxygen evolution after the addition of DCMU to that before its addition. For more details, see the legend to Fig. 1 . 
